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The recent development of hybrid systems based on superconducting circuits
has opened up the possibility of engineering sensors of quanta of different de-
grees of freedom. Quantum magnonics, which aims to control and read out
quanta of collective spin excitations in magnetically-ordered systems, further-
more provides unique opportunities for advances in both the study of mag-
netism and the development of quantum technologies. Using a superconduct-
ing qubit as a quantum sensor, we report the detection of a single magnon in a
millimeter-sized ferromagnetic crystal with a quantum efficiency of up to 0.71.
The detection is based on the entanglement between a magnetostatic mode and
the qubit, followed by a single-shot measurement of the qubit state. This proof-
of-principle experiment establishes the single-photon detector counterpart for
magnonics.
Quantum sensing aims to exploit the fragility of quantum states to external perturbations
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for the development of novel sensors. Quantum-enhanced sensing has now become one of the
leading applications of quantum technologies (1,2). Entanglement can be harnessed in quantum
sensing to indirectly probe a system of interest through a well-controlled auxiliary mode acting
as the sensor (3–5). Such a task requires careful engineering to integrate existing quantum
technologies into sensors able to detect various physical quantities.
The recent development of hybrid quantum systems provides a natural platform to engineer
such quantum sensors (6). Indeed, the combination of systems that harness complementary
features for quantum technologies opens up the possibility of sensing one degree of freedom
through another well-controlled system. One of the main challenges for this application lies in
achieving high-fidelity control and readout of the quantum sensor in a hybrid device. Hybrid
systems based on superconducting circuits (7, 8) offer a versatile platform to overcome this
challenge. Recent demonstrations include the measurement of the coherence of a bulk acoustic
wave resonator (9) and the creation and characterization of quantum states of phonons (10,11).
Quantum magnonics provides another promising architecture for developing quantum sen-
sors based on hybrid systems (12–15). In quantum magnonics, magnetostatic modes in
magnetically-ordered solid-state systems are coherently coupled to superconducting qubits.
Here, we combine high-fidelity control and readout of a superconducting qubit to demonstrate
a sensor able to faithfully detect single magnons, the quanta of excitations in magnetostatic
modes, via entanglement between the two systems. Our demonstration brings the equivalent of
the single-photon detector to the emerging field of magnon spintronics (16) and establishes a
novel quantum technology for magnetism.
To realize the single-magnon detector, we use a hybrid system composed of a spherical
ferrimagnetic crystal of yttrium iron garnet (YIG), a transmon-type superconducting qubit, and
a three-dimensional microwave cavity (12–15). As schematically represented in Fig. 1A, this
system hosts three modes of interest: the uniform magnetostatic mode, or Kittel mode, in the
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ferromagnetic crystal of tunable frequency ωm/2pi; the qubit of frequency ωq/2pi ≈ 7.92 GHz;
and a microwave cavity mode of frequency ωc/2pi ≈ 8.45 GHz. The Kittel mode and the
superconducting qubit are respectively coupled to the cavity mode through magnetic-dipole (17,
18) and electric-dipole couplings (7,19,20). These interactions lead to an effective beam-splitter
interaction between the Kittel mode and the qubit (12–15). This coherent interaction enters the
strong coupling regime with a coupling strength gq−m/2pi = 7.13 MHz, much larger than the
decay rates of each system (Fig. 1B).
Due to the strong coherent coupling, a strong dispersive interaction between the Kittel mode
and the qubit can be engineered (14, 15). This dispersive interaction, of strength χq−m, is
described by the Hamiltonian
Hˆdispq−m/h¯ =
1
2
(
2χq−mcˆ†cˆ
)
σˆz, (1)
where cˆ (cˆ†) annihilates (creates) a magnon in the Kittel mode, and σˆz = |e〉〈e| − |g〉〈g|,
with |g〉 (|e〉) the ground (excited) state of the qubit. The qubit–magnon dispersive interac-
tion leads to a shift of the qubit frequency by 2χq−m for each magnon in the Kittel mode.
To characterize the dispersive interaction, we perform Ramsey interferometry on the qubit
while continuously driving the Kittel mode on resonance at ωm/2pi ≈ 7.79 GHz, far-detuned
from the qubit (Figs. 1C and D). As shown in Fig. 1E, the qubit spectrum, obtained from
the Fourier transform of the Ramsey oscillations, indicates that the qubit frequency is shifted
by 2χq−m/2pi = −3.82 MHz in the presence of a single magnon, a quantity larger than the
linewidths γm/2pi = 1.61 MHz of the Kittel mode and γq/2pi = 0.33 MHz of the qubit, there-
fore reaching the strong dispersive regime (14,15, 21–23).
The single-magnon detection protocol is enabled by the possibility of entangling the Kittel
mode and the qubit (3). Indeed, through the strong dispersive interaction, the qubit can be
excited conditionally on the Kittel mode being in the vacuum state |0〉 (3,24). The effect of the
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conditional excitation Xˆ0pi, with the qubit initially in the ground state |g〉 and the Kittel mode in
an arbitrary magnon state |ψ〉 = ∑ cnm |nm〉, is given by
Xˆ0pi|gψ〉 = c0|e0〉+
∑
nm>0
cnm |gnm〉, (2)
where |inm〉 = |i〉⊗|nm〉 is the state of the composite system with |i = g, e〉 and |nm〉 being the
qubit states and the magnon Fock states, respectively. From Eq. (2), measuring the qubit in the
ground state indicates the presence of at least a single magnon in the Kittel mode. The detection
protocol represented schematically in Fig. 2A is composed of the entangling operation Xˆ0pi and
a readout of the qubit state. The fidelity of the entangling gate is mainly determined by the
duration τpi of the excitation, hereafter called the detection time (3, 24). Indeed, the excitation
is conditional only if τpi is such that the spectral width ∝ 1/τpi is smaller than the amplitude
of the shift per excitation 2 |χq−m|. The state of the qubit is read out using the high-power
readout technique (25), enabling single-shot readout with a fidelity Fr ≈ 0.9 without the use of
near-quantum-limited amplifiers (Fig. 2B).
To benchmark the detection protocol, a coherent state of magnons |β〉 is initially prepared
through a displacement operation Dˆ(β) = eβcˆ†−β∗cˆ (Fig. 2A). The detection probability pg(nm)
is then related to the magnon population nm through the probability pnm≥1 = 1−e−nm of having
at least a single magnon in the Kittel mode. More specifically, the detection probability is given
by
pg(nm) = η
(
1− e−nm
)
+ pg(0), (3)
where η and pg(0) are respectively the quantum efficiency and the dark-count probability, both
critical figures in respect of evaluating the performance of the detector. Figure 2C shows the
detection probability pg(nm) obtained experimentally for a detection time τpi = 200 ns. Fitting
the data to Eq. (3), a quantum efficiency η = 0.71 and a dark-count probability pg(0) = 0.24
are determined. Considering these values, if the Kittel mode is in the vacuum state |0〉, the
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probability that the detector does not click is 1 − pg(0) = 0.76 (ideally 1). When the Kittel
mode is in the Fock state |1〉, the detector clicks with a probability η+ pg(0) = 0.95 (ideally 1).
These results constitute the first demonstration of the single-shot detection of a single magnon,
thus bringing the equivalent of the single-photon detector to the field of magnonics.
Signatures of the mechanisms limiting the performance of the single-magnon detector are
obtained by measuring the dark-count probability and the quantum efficiency for different de-
tection times τpi (Fig. 3). As shown in Fig. 3A, the dark-count probability pg(0) increases
with the detection time τpi due to the finite qubit relaxation time T1 = 0.80 µs and coherence
time T ∗2 = 0.97 µs. Furthermore, initialization and readout errors set a lower bound on the
dark-count probability at ≈ 0.08. Figure 3B shows that the quantum efficiency η increases for
larger detection times due to an increase in the selectivity of the entangling operation between
the qubit and the Kittel mode. For longer detection times, decoherence of the qubit limits the
efficiency, leading to an optimal detection time at τpi ≈ 200 ns. Two relevant upper bounds
on the quantum efficiency are satisfied (Fig. 3B). First, as the magnons are detected by using
the qubit as the quantum sensor, the quantum efficiency is bounded by the qubit readout fi-
delity Fr ≈ 0.9. Secondly, the dark-count probability pg(0) sets an upper limit on the quantum
efficiency at η ≤ 1 − pg(0) through the probability η + pg(0) of detecting the single magnon
Fock state |1〉.
As shown in Fig. 3, numerical simulations of the detection protocol are in good agree-
ment with the experimental results without any fitting parameters (see supplementary mate-
rials). Therefore, we use the numerical model to determine the effect of qubit initialization,
control, readout, and entangling errors on the dark-count probability pg(0) and detection inef-
ficiency 1 − η (Table 1). Notably, qubit decoherence constitutes the primary source of error
limiting the performance of the detector. A dark-count probability below 0.03 and a quantum
efficiency above 0.96 should be within experimental reach with an improved single-magnon
5
detector (see supplementary materials).
The performances of the detector can also be improved, without any hardware modifications,
by considering an alternative detection scheme. Instead of detecting the presence of at least one
magnon (nm = 1, 2, . . .) with the protocol of Fig. 2A, the presence of exactly one magnon (nm =
1) can be detected using the conditional operation Xˆ1pi that excites the qubit only if there is
exactly a single magnon in the Kittel mode (3, 26). In the limit where the probability of having
more than one magnon is negligible, both protocols detect the presence of a single magnon.
Experimentally, the conditional excitation Xˆ1pi is realized by attempting to excite the qubit at
its frequency with a single magnon in the Kittel mode, ω1q. As shown in Fig. 3C, the detection
of exactly a single magnon enables us to reduce the dark-count probability by half to 0.12.
Indeed, in this scheme, qubit decoherence does not contribute significantly to the dark-count
probability as the qubit is never actually excited in the absence of magnons. Nevertheless, as
shown in Fig. 3D, the quantum efficiency is very similar for both schemes (see supplementary
materials). A good agreement between the experimental and numerical results is found without
any fitting parameters, highlighting a good understanding of the physics at play.
The high-fidelity detection of a single magnon, corresponding to a precession of the magne-
tization vector of the millimeter-sized ferromagnetic crystal with an angle of ∼ 10−17 degrees,
represents a significant advance for magnonics and quantum technologies based on magnetism.
The magnon detection can be made quantum non-demolition (QND) with a QND readout of
the qubit state (3, 5). The relaxation and coherence times of superconducting qubits in quan-
tum magnonics, currently limiting the performance of the single-magnon detector, could be
enhanced by reducing internal losses of the microwave cavity modes.
Near-term applications include the heralded probabilistic creation of quantum states of
magnons, a critical step towards the development of a magnon-based quantum transducer (15,
27). Furthermore, the single-magnon detector could help to uncover weak magnon excitation
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processes such as the potential excitation of magnons from galactic axions (28). In the longer
term, the development of planar devices (29) for the integration of single-magnon detectors
could represent the ultimate limit to the conversion between magnons and electrical signals for
emerging technologies such as magnon spintronics (16).
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Source of error Error
Dark-count probability Inefficiency
pg(0) 1− η
Qubit initialization 0.032 0.023
Qubit decoherence 0.15 0.21
Qubit readout 0.024 0.061
Entanglement − 0.039
Total 0.22 0.33
Experiment 0.24 0.29
Table 1: Error budget. Contributions from different sources of error determined from numer-
ical simulations for a detection time τpi = 200 ns. The total error is not equal to the sum of the
listed errors due to additional errors and multiple error processes (see supplementary materials).
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Figure 1: Strong dispersive regime of quantum magnonics. (A) Interaction of strength gq−m
between the Kittel mode (with frequency ωm) of a spherical ferrimagnetic crystal of YIG and
a superconducting qubit (ωq), engineered through magnetic- and electric-dipole couplings to a
microwave cavity mode (ωc). The ferrimagnetic sphere is magnetized with an external magnetic
field B0. (B) Normalized qubit spectrum measured as a function of the coil current. Dashed
lines are guides for the eye. Right: qubit spectrum measured at ωq ≈ ωm. The line shows a fit to
the data. (C) Ramsey interferometry protocol to probe the qubit in the presence of a continuous
excitation of nm magnons in the Kittel mode. (D) Probability pe of the qubit being in the excited
state |e〉 as a function of the free evolution time τ in the presence of nm = 0.53 magnons in
the Kittel mode. (E) Normalized qubit spectrum, obtained from the Fourier transform of pe,
indicating a strong dispersive interaction between the Kittel mode and the qubit. The black
line shows a fit to the data. The blue (red) line and shaded area show the spectral component
corresponding to the magnon vacuum state |0〉 (Fock state |1〉).
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Figure 2: Single-shot detection of single magnons. (A) Protocol to detect the presence of
at least a single magnon. The Kittel mode and the qubit are entangled through the qubit ex-
citation Xˆ0pi conditional on the Kittel mode being in the vacuum state. To characterize the
detection protocol, a coherent state of magnons is initially prepared through a displacement
operation Dˆ(β). The state of the qubit is read out at the end of the protocol. (B) Histograms
of the demodulated qubit readout signal for 105 single shots when preparing the qubit in the
ground state |g〉 (excited state |e〉) obtained with the high-power readout technique. The vertical
dashed line (dotted line) indicates the demodulated signal corresponding to the qubit occupying
the ground state |g〉 (excited state |e〉). (C) Detection probability pg(nm) as a function of the
magnon population nm. The solid black line shows a fit to Eq. (3), indicating a magnon detec-
tion efficiency η = 0.71 and a dark-count probability pg(0) = 0.24 (dashed black line) for a
detection time τpi = 200 ns. Error bars are smaller than the symbols.
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Figure 3: Characterization of the single-magnon detector. (A and B) Dark-count probabil-
ity pg(0) (A) and quantum efficiency η (B) as a function of the detection time τpi. Results from
numerical simulations are shown as solid lines. In (A), the dashed line shows the dark-count
probability due to initialization and readout errors. In (B), the dotted and dot-dashed lines indi-
cate the limits on the quantum efficiency set by readout errors and the dark-count probability,
respectively. Error bars are smaller than the symbols. (C and D) Dark-count probability (C) and
quantum efficiency (D) for the detection of at least a single magnon (nm ≥ 1) and of exactly a
single magnon (nm = 1) for a detection time τpi = 200 ns.
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3I. DEVICE AND EXPERIMENTAL SETUP
A. Device
The hybrid system used for the experiments is composed of a microwave cavity, a supercon-
ducting qubit, a YIG sphere, and a magnetic circuit. The qubit and the YIG sphere are mounted
inside the microwave cavity. As shown in Fig. S1, the hybrid system is placed in a dilution refrig-
erator. The base temperature of the dilution refrigerator during the experiments presented in the
main text and the supplementary materials was ∼ 46− 48 mK. The device is the same as the one
in Refs. S1 and S2.
The three-dimensional microwave cavity, made of oxygen-free copper, has inner dimensions
of 24 × 3 × 53 mm3. The lowest-frequency modes are the TE10p modes with p = 1, 2, 3, . . . .
The bare frequencies ωp of the four lowest-frequency modes are given in Table S1. The TE102
mode at ∼ 8.412 GHz primarily mediates the effective coupling between the Kittel mode and the
qubitS2–S4. The TE102 mode, simply called the cavity mode in the main text, is also used for the
high-power readout of the qubit state (Sec. IV B). Input and output ports are used to probe the
cavity modes in transmission. The external coupling rates of both ports, as well as internal losses,
are given in Table S1 for the first three cavity modes.
Parameter Value
Index p for cavity mode TE10p 1 2 3 4
Bare frequency ωp/2pi (GHz) 6.98985 8.41164 10.43852 [12.9202]
Dressed frequency ωgp/2pi (GHz) 6.98276 8.44885 10.44590 –
Total linewidth κp/2pi (MHz) 1.26 2.06 3.64 –
Input coupling rate κinp /2pi (MHz) 0.27 0.70 0.27 –
Output coupling rate κoutp /2pi (MHz) 0.13 0.51 1.27 –
Internal losses κintp /2pi (MHz) 0.85 0.85 2.10 –
Electric-dipole coupling strength gq−p/2pi (MHz) 83.2 128.8 135.1 [116.4]
Magnetic-dipole coupling strength gm−p/2pi (MHz) [−15.3] 22.85 [−21.5] [12.7]
Table S1. Parameters for lowest-frequency modes of the microwave cavity. Values in square brackets
are determined from simulations.
The transmon-type superconducting qubitS5,S6 consists of two large-area pads connected with
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Figure S1. Experimental setup. The hybrid system, composed of a microwave cavity, a transmon-type
superconducting qubit, a YIG sphere, and a magnetic circuit, is placed in a dilution refrigerator with a
base temperature of ∼ 46 − 48 mK. Time-domain measurements are performed with a single-sideband
upconversion and downconversion microwave setup. For clarity, attenuators and filters of intermediate-
frequency pulses, i.e. before upconversion and after downconversion, are not shown.
a single Josephson junction fabricated on a silicon substrate. The bare qubit frequency, defined
as the transition frequency from the ground state |g〉 to the excited state |e〉 in the absence of
the cavity, is determined to be ωq/2pi = 7.96563 GHz. The bare qubit anharmonicity, defined
such that the transition frequency from the first excited state |e〉 to the second excited state |f〉
is ωq + α, is determined to be α/2pi = −0.144 GHz. The coupling strengths of the electric-dipole
5interaction between the first qubit transition and the different cavity modes are given in Table S1.
These interactions shift the first qubit transition frequency to ω0q/2pi = 7.92813 GHz. For time-
domain measurements, the leakage of the local oscillators from the single-sideband mixers further
shifts the qubit frequency to ω0q/2pi = 7.92109 GHz (Sec. I B).
The YIG sphere with a diameter of 0.5 mm is glued to an aluminum oxide rod along the 〈110〉
crystalline axis. A magnetic circuit, composed of permanent magnets, a yoke, and a supercon-
ducting coil, is used to apply a static external magnetic field B0 along the 〈100〉 crystalline axis
of the YIG sphere. A pair of neodymium permanent magnets with a diameter of 10 mm and a
thickness of 1 mm, placed at both ends of a yoke made of pure iron, produces a static magnetic
field of amplitude |B0| = B0 ≈ 0.29 T. A current I circulating in a superconducting coil with 104
turns is used to tune the external magnetic field in situ with a conversion ratio of 1.72 mT/mA.
This enables the frequency of the Kittel mode ωm to be tuned from the strong dispersive regime
at ωm/2pi ≈ 7.789 GHz (I = −7.92 mA, Fig. S7) to the resonant regime with the TE102 cavity
mode at ωm/2pi ≈ 8.449 GHz (I = 6.25 mA, Fig. S4). The linewidth of the Kittel mode γm/2pi
varies from 1.36 MHz when hybridized with the TE102 cavity mode (Fig. S4) to 1.61 MHz in
the strong dispersive regime (Fig. S8). A double-layer magnetic shield made of aluminum (inner
layer) and pure iron (outer layer) covers half of the cavity to protect the qubit from the external
magnetic field.
B. Experimental setup
As shown in Fig. S1, a single-sideband upconversion and downconversion microwave setup
is used to perform time-resolved experiments. An arbitrary waveform generator (Keysight
M3202A) is used to generate pulses with a 1-ns resolution for the qubit readout, qubit con-
trol, and magnon excitation at intermediate frequencies δr/2pi = 90 MHz, δs/2pi = 95 MHz,
and δd/2pi = 100 MHz, respectively. These intermediate-frequency pulses are upconverted with
lower-sideband single-sideband mixers (Polyphase Microwave SSB80120A for qubit readout,
Polyphase Microwave SSB70100A for qubit control and magnon excitation) to, respectively, the
readout frequency ωr, the qubit control frequency ωs, and the magnon excitation frequency ωd with
three local oscillators (Keysight N5183B) at frequencies ωj + δj , with j = r, s, d. The pulses for
the qubit control are combined with the pulses for the magnon excitation with a 20-dB directional
coupler (KRYTAR 120420). These pulses are further combined with the qubit readout pulse with
6a 10-dB directional coupler (MAC C320610) and sent to an input line of the dilution refrigerator.
Cryogenic attenuators (XMA 2082-6241-06-CRYO and XMA 2082-6242-10-CRYO) are used to
attenuate the pulses at the cavity input port by ∼ 60 dB at 10 GHz, including cable losses in the
input line. Three isolators (Quinstar XTE0812KC) are used to isolate the output port of the device
from the HEMT amplifier noise (Caltech CITCRYO4-12A) and the room-temperature amplifier
(MITEQ AFS4-08001200-09-10P4). The qubit readout signal transmitted through the cavity is
down-converted with a lower-sideband image-reject mixer (Polyphase Microwave IRM80120B)
with the same local oscillator as for the upconversion. The down-converted signal at frequency δr
is measured with a digitizer (Keysight M3102A) with a 2-ns resolution. A current source (Yoko-
gawa GS200) is used to supply the current I to the superconducting coil of the magnetic circuit.
Measurements are performed using the commercially-available software Labber and an open-
source Python module called PSICT available at https://github.com/qipe-nlab/
Labber-PSICT/.
II. THEORY AND NUMERICAL SIMULATIONS
A. Hamiltonian of the hybrid system
The TE10p modes of the microwave cavity are described by harmonic oscillators with
Hˆc/~ =
∑
p
ωpaˆ
†
paˆp, (S1)
where aˆp (aˆ†p) annihilates (creates) a microwave photon in the TE10p cavity mode of frequency ωp.
The transmon-type superconducting qubit is described by an anharmonic oscillator with
Hˆq/~ =
(
ωq − α
2
)
bˆ†bˆ+
α
2
(
bˆ†bˆ
)2
, (S2)
where bˆ (bˆ†) annihilates (creates) an excitation in the qubit. The transition frequency between the
ground state |g〉 and the first excited state |e〉 corresponds to the qubit frequency ωq. Furthermore,
ωq+α is the transition frequency between the first excited state |e〉 and the second excited state |f〉.
Considering that the magnon population nm is much smaller than the∼ 1.4×1018 spins in the 0.5-
mm spherical ferrimagnetic crystal of YIG, the Kittel mode is effectively described by a harmonic
oscillator with
Hˆm/~ = ωmcˆ†cˆ, (S3)
7where cˆ (cˆ†) annihilates (creates) a magnon in the Kittel mode of frequency ωmS2,S4. Higher-index
modes are neglected as their coupling to the microwave cavity, and hence the qubit, is supressed
by the uniformity of the external magnetic field and the microwave magnetic field of the lowest-
frequency cavity modesS2,S4.
The modes of the microwave cavity interact with the qubit through an electric-dipole interac-
tion. Under the rotating wave approximation, the interaction is described by the Jaynes-Cummings
Hamiltonian with
Hˆq−c/~ =
∑
p
gq−p
(
bˆ†aˆp + bˆaˆ†p
)
, (S4)
where gq−p is the coupling strength between the TE10p cavity mode and the first qubit transitionS7.
Similarly, the modes of the cavity and the Kittel mode interact through a magnetic-dipole interac-
tion with
Hˆm−c/~ =
∑
p
gm−p
(
cˆ†aˆp + cˆaˆ†p
)
, (S5)
where gm−p is the coupling strength between the TE10p cavity mode and the Kittel modeS2,S4.
The hybrid system composed of the microwave cavity, the superconducting qubit, and the YIG
sphere is therefore described by
Hˆ = Hˆc + Hˆq + Hˆm + Hˆq−c + Hˆm−c. (S6)
The Hamiltonian of Eq. (S6) is diagonalized to obtain, for example, the coupling strength gq−m
and the dispersive shift χq−m between the qubit and the Kittel mode discussed below.
With the cavity modes far-detuned from the qubit and the Kittel mode, i.e. |ωp − ωq| , |ωp − ωm| 
gq−p, gm−p, the cavity modes are adiabatically eliminatedS4. Furthermore, if the qubit and the Kit-
tel mode are close to resonance, i.e. |ωq − ωm|  gq−p, gm−p, the interaction between the qubit
and the Kittel mode is described with
Hˆq−m/~ = gq−m
(
bˆ†cˆ+ bˆcˆ†
)
, (S7)
where gq−m is the coupling strength between the qubit and the Kittel modeS2–S4. With both systems
on resonance, such that ωq = ωm ≡ ωq,m, this coupling strength is approximately given by
gq−m ≈
∑
p
gq−pgm−p
ωq,m − ωp . (S8)
The resonant interaction between the qubit and the Kittel mode, described by the Hamiltonian
of Eq. (S7), is a cavity-mediated second-order interaction and is the building block of quantum
magnonicsS1–S4.
8B. Dispersive regime
The dispersive regime of quantum magnonics is reached by detuning the Kittel mode from
the qubit to suppress the exchange of energy between the two systemsS1,S2. More specifically,
the amplitude of the detuning ∆q−m ≡ ω0q − ωgm between the dressed qubit frequency with the
Kittel mode in the vacuum state |0〉 (ω0q) and the frequency of the dressed Kittel mode with the
qubit in the ground state |g〉 (ωgm) needs to be much larger than the coupling strength gq−m, i.e.
|∆q−m|  gq−mS3. In this dispersive regime, the Hamiltonian of Eq. (S9) becomes
Hˆdispq−m/~ = 2χq−mbˆ†bˆcˆ†cˆ, (S9)
where χq−m is the dispersive coupling strength approximately given byS5
χq−m ≈
α0g
2
q−m
∆q−m (∆q−m + α0)
∝
(∑
p
gq−pgm−p
)2
. (S10)
Equation (S10) is valid both in and out of the straddling regime, defined with ω0q +α0 < ω
g
m < ω
0
q,
where α0 is the dressed qubit anharmonicityS5. The dispersive interaction between the qubit and
the Kittel mode, described by the Hamiltonian of Eq. (S9), is a fourth-order interaction and is the
key to the single-magnon detector demonstrated here. Limiting the subspace of the transmon-type
qubit to the ground state |g〉 and the first excited state |e〉, the Hamiltonian of Eq. (S9) becomes
Hˆdispq−m/~ =
1
2
(
2χq−mcˆ†cˆ
)
σˆz, (S11)
where σˆz = |e〉〈e| − |g〉〈g|. This equation corresponds to Eq. (1) of the main text.
C. Numerical simulations
To simulate the single-magnon detection protocol, time-dependent drives on both the qubit and
the Kittel mode are added to the Hamiltonians of the qubit [Eq. (S2)], the Kittel mode [Eq. (S3)],
and their dispersive interaction [Eq. (S9)]. Moving to a doubly-rotating frame at the qubit and
magnon excitation frequencies ωs and ωd, respectively, leads to the time-dependent Hamiltonian
Hˆeff(t) =
(
∆s − α
2
)
bˆ†bˆ+
α
2
(
bˆ†bˆ
)2
+ ∆pcˆ
†cˆ+ 2χq−mbˆ†bˆcˆ†cˆ+ Ωs(t)
(
bˆ+ bˆ†
)
+ Ωd(t)
(
cˆ+ cˆ†
)
,
(S12)
where ∆s ≡ ω0q − ωs (∆d ≡ ωgm − ωd) is the detuning between the dressed qubit (Kittel mode)
frequency and the qubit control (magnon excitation) frequency.
9The time evolution of the density-matrix operator ρˆ(t) is obtained by numerically solving the
Lindblad master equation using QuTiPS8. The Lindblad master equation is given by
˙ˆρ(t) = − i
~
[
Hˆeff(t), ρˆ(t)
]
+
∑
k
γk
(
Lˆkρˆ(t)Lˆ
†
k −
1
2
{
Lˆ†kLˆk, ρˆ(t)
})
, (S13)
where γk is the rate of the process described by the operator LˆiS9. The processes, rates, and
operators considered in the numerical simulations are given in Table S2. The time evolution of the
expectation values for the different qubit states |i = g, e, f, . . . 〉 and the magnon population nm(t)
are computed from the density matrix ρˆ(t) with
p˜i(t) = Tr [ρˆ(t) (|i〉〈i| ⊗ I)] , (S14)
nm(t) = Tr
[
ρˆ(t)
(
I⊗ cˆ†cˆ)] , (S15)
Process Rate γk Operator Lˆk
Qubit relaxation γ1
(
1 + nthq
)
bˆ
Qubit excitation γ1nthq bˆ
†
Qubit pure dephasing 2γϕ bˆ†bˆ
Magnon relaxation γm
(
1 + nthm
)
cˆ
Magnon excitation γmnthm cˆ
†
Table S2. Processes, rates, and operators considered in the Lindblad master equation for the nu-
merical simulations. The qubit relaxation rate γ1 is determined from the qubit relaxation time T1 with
γ1 = 1/T1. The qubit pure dephasing rate γϕ = 12 (γq − γ1) is determined from the qubit relaxation rate
and linewidth γq, related to the coherence time T ∗2 with γq = 2/T ∗2 . It is assumed that pure dephasing is
negligible for the Kittel mode.
The high-power qubit readout process is not included in the simulations due to the compu-
tational cost of simulating the system in the presence of the ∼ 104 photons used in the readout
processS10. Instead, the probability of measuring the qubit in the ground or excited state is con-
sidered to be given by the instantaneous probability p˜i(t = tr) at the readout time tr. These
probabilities therefore need to be corrected to include readout errors (Sec. II D).
To simulate the single-magnon detection protocol of Fig. 2A of the main text, the shape, dura-
tion and timing of the qubit and magnon drive pulses used in the experiments are reproduced in the
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numerical simulations. Both excitation pulses have Gaussian-shaped envelopes with durations τpi
and τd, respectively, described with
Ωs,d(t) = Ωs,de
−pi(t−ts,d)
2
/τ2pi,d , (S16)
where ts and td are the times at which each pulse is centered. The qubit excitation pulse is delayed
from the magnon excitation pulse by ts − td = (τpi + τd) /2 (Fig. S2A).
The amplitude Ωs of the qubit control pulse necessary to perform a pi pulse on the qubit is
determined numerically by minimizing the probability p˜g = p˜g(tr) of the qubit being in the ground
state at the readout time tr. This procedure mimics the experimental method used to calibrate the
excitation of the qubit. It is worth noting that readout errors do not affect this calibration procedure.
Figure S2A shows an example of the expectation values obtained for the single-magnon detection
protocol in the presence of a magnon excitation pulse Ωd(t) with a duration τd = 200 ns, as in the
experiment (Sec. IV A). The parameters used in the simulations are given in Table S3.
Parameter Value Figure
Dressed qubit anharmonicity α0/2pi (MHz) −123.0 –
Detuning of magnon excitation ∆d/2pi (MHz) −0.01 S7C
Qubit relaxation time T1 (µs) 0.797 S6A
Qubit coherence time T ∗2 (µs) 0.970 S8E
Magnon linewidth γm/2pi (MHz) 1.61 S8F
Qubit initialization error εini 0.04 –
Magnon thermal occupancy nthm 0.0 S8E
Qubit-magnon dispersive shift χq−m/2pi (MHz) −1.91 S8F
Readout delay ∆tr (ns) 31 S2A
Excited state probability p|g〉e 0.0802 S5B
Excited state probability p|e〉e 0.8409 S5B
Table S3. Parameters for the numerical simulations. The detuning ∆s between the dressed qubit fre-
quency and the control frequency is set to zero for the simulations of the single-magnon detection protocol
as a function of the detection time τpi (Fig. 3). The figure related to each parameter is identified, if available.
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A
B Target Obtained Readout
result
Qubit excitation
0 200 400 6000.0
0.2
0.4
0.6
0.8
1.0
Time (ns)
Pulses
(normalized)
Expectation values
Qubit readout
Figure S2. Numerical simulations of the magnon detection protocol. (A) Gaussian-shaped drive am-
plitudes Ωd(t) (at time td of duration τd = 200 ns, red shaded area) and Ωs(t) (at time ts of dura-
tion τpi = 200 ns, blue shaded area) for the excitation of magnons and the qubit, respectively. Time-
dependent expectation values nm(t) (red dashed line), p˜g(t) (blue solid line), and p˜e(t) (green dot-dashed
line) are obtained numerically by solving a master equation as a function of time t. The vertical solid line
indicates the start of the readout pulse in the experiment. The readout is considered to happen at time tr
(vertical dashed line), delayed by ∆tr from start of the readout pulse, such that the probability p˜g of the
qubit being in the ground state |g〉 after the readout is p˜g = p˜g(t = tr). The grey shaded area indicates the
possible range of ∆tr. The initialization error εini is given by 1− p˜g(t) well before the qubit excitation. In
the absence of magnon excitation (Ωd = 0), the sum of the initialization error εini and the control error εpi
is approximately given by 1− p˜e(t = tr) considering εini  1. (B) Schematic representation of the differ-
ent error processes for the qubit excitation and readout. The numerical simulations shown in A, assuming
perfect qubit readout, are corrected to include readout errors εg and εe for the qubit in the ground (|g〉) and
excited (|e〉) states, respectively.
D. Correction for imperfect readout
Readout errors are considered with the simple model depicted in Fig. S2B. In this model, the
readout process with the qubit occupying the ground state |g〉 (excited state |e〉) gives the classical
readout result corresponding to the qubit occupying the ground state with probability 1 − εg (εe)
and the excited state with probability εg (1 − εe). In the presence of these readout errors, the
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probability pg of measuring the qubit in the ground state is therefore given by
pg = (1− εg) p˜g + εe (1− p˜g) , (S17)
where p˜g is the probability of the qubit being in the ground state in the absence of readout errors,
and assuming that p˜e = 1 − p˜g, i.e. neglecting the population of the second excited state |f〉.
Given the readout errors εg and εe and the numerically-obtained value of p˜g in the absence of
readout errors, the ground state probability pg is obtained with Eq. (S17).
The readout errors are bounded by experimentally-measurable quantities. First, the qubit state
is measured in the absence of both qubit and magnon excitations. According to Fig. S2B, the
probability of obtaining the readout signal corresponding to the excited state is given by
p|g〉e = εg (1− εini) + (1− εe) εini, (S18)
where εini is the qubit initialization error, directly related to the thermal occupancy of the qubit.
As discussed in Sec. IV C, the qubit initialization error is estimated experimentally.
A second quantity useful in the estimation of readout errors is the probability of obtaining the
readout signal corresponding to the excited state when preparing the qubit in the excited state.
According to Fig. S2B, this probability is given by
p|e〉e ≈ εg (εpi + εini) + (1− εe) (1− εpi − εini) , (S19)
where εpi is the control error due, for example, to qubit decoherence and leakage to higher excited
states. Equation (S19) is valid for εini  1, i.e. when εini+εpi (1− εini) ≈ εini+εpi. The difference
of Eqs. (S18) and (S19) corresponds to the visibility V , which includes initialization, control, and
readout errors. In contrast, the readout fidelity Fr = 1 − εg − εe characterizes only the readout
process. However, given the probabilities p|g〉e , p
|e〉
e and the qubit initialization error εini, the control
and readout errors cannot be a priori distinguished. Indeed, there are three unknowns, εg, εe, εpi,
but only two relations between them, Eqs. (S18) and (S19). Numerical simulations of the qubit
excitation process are however useful to obtain bounds on the readout errors and fidelity.
The lower bound on the readout fidelity is obtained by considering that the readout process
happens instantaneously, corresponding to a readout delay ∆tr = 0 in the numerical simulations
(Fig. S2A). In this case, the control error is minimized and the readout errors are maximized
to reproduce, according to Eqs. (S18) and (S19), the experimentally-observed probabilities p|g〉e
and p|e〉e for a pulse duration τpi = 12 ns (Table S3). In this case, the readout errors are εmaxg = 0.045
and εmaxe = 0.079, corresponding to a readout fidelity Fminr = 0.876.
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The upper bound on the readout fidelity is obtained by considering the opposite limit: read-
out errors are minimized and the control error is maximized. This is achieved in the numerical
simulations by finding the readout delay ∆tr such that either one of the readout errors reaches
zero while respecting the experimentally-observed probabilities p|g〉e and p
|e〉
e . We obtain that the
maximal readout delay is ∆tr = 62 ns, for which the readout errors are εming = 0.04 and ε
min
e = 0,
corresponding to a readout fidelity Fmaxr = 0.959.
For the results of the numerical simulations shown throughout the main text and the supple-
mentary materials, the readout delay is chosen mid-range between the minimal (0 ns) and maximal
values (62 ns), i.e. ∆tr = 31 ns. For this choice, the readout errors are εg = 0.043 and εe = 0.040,
corresponding to a readout fidelity Fr = 0.917. Given these readout errors, the probabilities p˜g
obtained from the numerical simulations are corrected with Eq. (S17). While the choice of the
mid-range value ∆tr = 31 ns is arbitrary, it is worth noting that this choice does not affect sig-
nificantly the dark-count probability and the quantum efficiency. For example, for the detection
time τpi = 200 ns, the dark-count probability and the quantum efficiency vary respectively by 0.012
and 0.023 between the lower and upper bounds of the readout delay.
E. Dark-count probability and quantum efficiency
Two distinct protocols are considered in the main text for the single-magnon detector. In the
first protocol, the presence of at least a single magnon in the Kittel mode is mapped to the qubit
being in the ground state |g〉 after the conditional excitation Xˆ0pi (Figs. 2–3). In the alternative
detection protocol, the presence of exactly a single magnon is mapped to the qubit in the excited
state |e〉 with the conditional excitation Xˆ1pi (Fig. 3CD). In both cases, the dark-count probabil-
ity pi(0) = pi(nm = 0) is given in the numerical simulations by the corrected probabilities in the
absence of a magnon excitation (Ωd = 0), where i = g, e identifies if a click of the single-magnon
detector corresponds to measuring the qubit in the ground state |g〉 or in the excited state |e〉
(Sec. IV G).
In order to obtain the quantum efficiency η of both magnon detection protocols, a nonzero am-
plitude Ωd of the magnon excitation pulse is considered in the simulations. The effective magnon
population nm during the qubit conditional excitation is considered to be given by the average of
the instantaneous magnon population nm(t) weighted by the qubit control pulse described by the
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envelope Ωs(t), i.e.
nm =
∫ tr
0
dt nm(t)Ωs(t)∫ tr
0
dt Ωs(t)
. (S20)
For the detection of at least a single magnon, the quantum efficiency ηg is determined by fitting
the numerically-obtained values of pg(nm) to
pg(nm) = ηg
(
1− e−nm)+ pg(0), (S21)
where pnm≥1 = 1 − pnm=0 = 1 − e−nm is the probability of having at least a single magnon in
a coherent state with a population nm. For the alternative detection scheme where exactly one
magnon is detected, the probability of having a single magnon in the Kittel mode is pnm=1 =
nme
−nm , leading to
pe(nm) = ηe
(
nme
−nm)+ pe(0). (S22)
For nm  1, nme−nm ≈ 1 − e−nm and it is possible to use Eq. (S21) for both detection schemes.
The experimental and numerical results of Fig. 3 are therefore obtained using a single fitting
function given by Eq. (S21) with ηe = −ηg.
F. Error budget and expected performance of an improved detector
The quantitative agreement between the experimental and numerical results in Fig. 3 of the
main text enables us to use the numerical simulations to estimate the contributions from different
sources of error. The contributions from qubit initialization, decoherence, and readout are esti-
mated from the difference between the numerically-obtained detector characteristics [dark-count
probability pg(0) and inefficiency 1 − η] when including and when excluding a specific source
of error. For example, including all sources of error, pg(0) = 0.221 and 1 − η = 0.337. Re-
moving the qubit initialization error simply by setting ini = 0 in the numerical simulations, these
metrics become pg(0) = 0.190 and 1 − η = 0.311, indicating that the qubit thermal population
contributes 0.032 and 0.027 to the dark-count probability and inefficiency, respectively. To ob-
tain the upper bound on the entanglement error of 0.039 given in Table 1, the quantum efficiency
is obtained numerically when excluding initialization, decoherence, and readout errors, leading
to 1− η = 0.039.
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Figure S3. Expected characteristics for an improved detector. (A and B) Dark-count probabil-
ity pg(0) (A) and quantum efficiency η (B) as a function of the detection time τpi for the actual device (red
solid line) and for an improved device (blue dotted line) with parameters given in Tables S3 and S4. Black
arrows indicate the improvements from the actual to the improved device.
Furthermore, the numerical simulations enable us to extrapolate the performance of an im-
proved detector. Figures S3A and B compare the dark-count probability pg(0) and the quantum
efficiency η obtained numerically for the demonstrated single-magnon detector and for an im-
proved device with realistic parameters. Table S4 summarizes the parameters considered in both
cases. To emphasize that the performance of the demonstrated single-magnon detector is not lim-
ited by magnon-related quantities such as the qubit-magnon dispersive shift χq−m or the magnon
linewidth γm, improvements only in qubit-related parameters are considered.
More precisely, qubit initialization error εini can be reduced from 0.04 to ∼ 0.01 either using
postselection with a quantum nondemolition qubit readoutS11 or by unconditional reset techniques
such as the one demonstrated in Ref. S12. Qubit readout errors can be reduced by using the
dispersive readout technique, which, when combined with near-quantum-limited amplifiers, can
yield readout errors below 0.01S13. Finally, qubit relaxation time T1 and coherence time T ∗2 can
be increased to ∼ 20 µs by reducing losses of the cavity modes, which currently limit both times
to ∼ 1 µs in the actual device (Sec. IV C). As stated in the main text, a dark-count probability
below 0.03 and a quantum efficiency above 0.96 should be within experimental reach with such
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Source of error Parameter Value
Actual Improved
Qubit initialization εini 0.040 0.010
Qubit decoherence T1 (µs) 0.797 20.0
T ∗2 (µs) 0.970 20.0
Qubit readout εg 0.044 0.010
εe 0.042 0.010
Table S4. Parameters considered for the improved device. The other parameters are given in Table S3.
an improved device.
III. PRELIMINARY CHARACTERIZATION
A. Magnetic-dipole coupling
In the presence of a magnetic-dipole interaction of coupling strength gm−c between the TE102
cavity mode and the Kittel mode, the transmission coefficient t of the cavity mode is given by
t =
√
κinc κ
out
c
i (ω − ωc)− κc/2 + |gm−c|
2
i(ω−ωm)−γm/2
, (S23)
where ωc (ωm) and κc (γm) are respectively the frequency and linewidth of the TE102 cavity mode
(Kittel mode)S14. The external coupling rates of the input and output ports are respectively given
by κinc and κ
out
c . The detuning between the cavity and Kittel modes is characterized by the detun-
ing ∆m−c ≡ ωm − ωc.
Figure S4 shows the measurement of the amplitude of the transmission coefficient |t| normal-
ized by the amplitude |t0| measured on resonance with the cavity mode (ω = ωc) and with the
Kittel mode far from resonance (|∆m−c|  gm−c). The amplitude |t| of the transmission coeffi-
cient, normalized by its maximum value |t0| = max [|t|], is fitted to
|t| / |t0| = κc/2∣∣∣i (ω − ωc)− κc/2 + |gm−c|2i(ω−ωm)−γm/2 ∣∣∣ . (S24)
with the cavity linewidth κc/2pi = 2.06 MHz fixed from a measurement far from the avoided
crossing. The data in Fig. S4A is fitted to Eq. (S24) for coil currents I from 5.46 mA to 6.98 mA.
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Figure S4. Strong coherent interaction between the Kittel mode and the TE102 cavity mode. (A) Nor-
malized amplitude of the transmission coefficient, |t| / |t0|, as a function of the probe frequency ω and the
coil current I . The horizontal and diagonal dashed lines indicate the bare frequencies of the cavity and Kittel
modes, respectively, determined from a fit of Eq. (S24) to the data near the avoided crossing. (B) Normal-
ized amplitude of the transmission coefficient as a function of the probe frequency ω for the Kittel mode on
resonance with the cavity mode at I = 6.25 mA. Equation (S24) with ∆m−c = 0 is fitted to the data, from
which the magnetic-dipole coupling strength gm−c/2pi = 22.85 MHz is determined. The amplitude of the
transmission coefficient is normalized by its maximum amplitude in the measurement shown in A.
The magnon frequency ωm is found to vary linearly with the coil current according to
ωm(I) = ωm(0) + ξI, (S25)
with ωm(0)/2pi = 8.148 GHz and ξ/2pi = 48.2 MHz/mA, equivalent to a proportionality con-
stant of 1.72 mT/mA for the magnetic circuit. Equation (S24) with ∆m−c = 0 is fitted to
the data in Fig. S4B, measured at I = 6.25 mA, to determine the magnetic-dipole coupling
strength gm−c/2pi = 22.85 MHz and the linewidth of the Kittel mode γm/2pi = 1.36 MHz.
B. Effective coupling
Figure 1B in the main text shows the measurement of the qubit spectrum as a function of the
coil current I close to the resonance between the Kittel mode and the qubit. For this measurement,
the dispersive interaction between the qubit and the TE103 cavity mode is used to measure the qubit
spectrumS1,S3. The coupling strength gq−m/2pi = 7.13 MHz is determined by fitting the spectrum
of the magnon-vacuum Rabi splitting. From Eq. (S8) and the parameters given in Table S1, the
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effective coupling strength between the Kittel mode and the qubit is calculated to be 7.03 MHz, in
good agreement with the observed value. Alternatively, the Hamiltonian of Eq. (S6) is diagonal-
ized to numerically determine a coupling strength of 6.33 MHz, 13% smaller than the measured
value. The underestimation of the coupling strength from both theoretical estimates is most prob-
ably explained by a truncation of Eqs. (S6) and (S8) to the first four cavity modesS1.
IV. DEVICE CHARACTERIZATION AND CALIBRATION
A. Details on time-resolved measurements
For all time-resolved measurements presented in the main text and the supplementary materials,
the duration of the magnon excitation pulse is τd = 200 ns. The duration of the readout pulse
is 400 ns. The readout pulse, transmitted through the hybrid device and measured by a digitizer,
is numerically demodulated at the intermediate frequency δr/2pi = 90 MHz to obtain the complex
amplitude V . A square demodulation window of 300 ns is used to maximize the readout fidelityFr.
Pulse sequences have a total duration of T = 10 µs, corresponding to a repetition rate of 100 kHz.
As T  T1 = 0.80 µs, the qubit is initialized between each shot to its ground state |g〉 through
relaxation.
The sequences are repeated between 104 to 107 times, depending on the sequence. Table S5
shows the number of shots N for the data presented in the main text. The number of shots for the
data shown in the supplementary materials is specified in the corresponding caption.
Figure Number of shots N Statistical error (%)
1D and E 5× 105 0.14
2B 105 0.32
2C 107 0.032
3A and B 107 0.032
3C and D (nm ≥ 1) 107 0.032
3C and D (nm = 1) 105 0.32
Table S5. Number of shots for the data presented in the main text. The statistical error is calculated
as 1/
√
N .
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B. High-power single-shot readout of the qubit state
Single-shot readout of the qubit state is achieved by using the high-power readout techniqueS15.
This technique uses the intrinsic nonlinearity of the Jaynes-Cummings interaction between the
qubit and a cavity modeS7,S10,S15. Indeed, through this interaction, cavity modes bifurcate at a
specific readout power, going from their dressed to bare frequencies. The power at which bifur-
cation occurs depends slightly on the qubit state. Probing a cavity mode close to its bifurcation
results in a response strongly dependent on the qubit state, providing the high-power readout of
the qubit stateS10,S15. For example, Fig. S5A shows the amplitude |V | of the demodulated signal
as a function of the readout frequency ωr close to the optimal readout amplitude. As expected,
the optimal readout frequency is very close to the bare cavity mode frequency (Table S1)S10,S15. It
is worth noting that, while enabling single-shot readout without near-quantum-limited amplifiers,
the high-power readout is not quantum nondemolitionS10,S15.
The demodulated signals corresponding to the qubit occupying the ground state (Vg) and the
excited state (Ve) are determined by repeating the readout processN times and recording individual
results (Fig. S5B). Resolving the classical readout signals corresponding to both qubit states in a
single shot is critical to the single-magnon detector. Indeed, because the magnons are detected by
using the qubit as the quantum sensor, the quantum efficiency η is bounded by the qubit readout
fidelity Fr.
As depicted in Fig. S5B, averaged measurements are calibrated into the probability pe of mea-
suring the qubit in the excited state from the demodulated signals Vg and Ve. To achieve this, the
raw demodulated signal V is translated in phase space such that the signal for the qubit occupying
the ground state is zero. Furthermore, the data is rotated in phase space such that the corrected
signal lies on the in-phase axis. The corrected demodulated signal ∆V is then given by
∆V = Re [R(θ) (V − Vg)] , (S26)
whereR(θ) is the rotation matrix by an angle
θ = arctan
(
Im [Ve]− Im [Vg]
Re [Ve]− Re [Vg]
)
. (S27)
By definition, the signal Vg (Ve) for the qubit occupying the ground state (excited state), corre-
sponding to pe = 0 (pe = 1), is mapped to ∆V = ∆Vg ≡ 0 (∆V = ∆Ve). The probability pe of
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Figure S5. High-power single-shot readout of the qubit state. (A) Amplitude |V | of the demodulated
signal as a function of the readout frequency ωr when preparing the qubit in the ground state |g〉 (blue
circles) and in the excited state |e〉 (green squares). The dashed (dotted) line indicates the optimal readout
frequency (bare cavity mode frequency). The number of shots is N = 104. (B) Histogram of the in-phase
and quadrature components of the raw (V , red) and corrected (∆V , blue) demodulated signals. To clearly
show the signals Vg (red circle) and Ve (red square) corresponding to the qubit ground and excited states,
respectively, the sum of the histograms when preparing the qubit in the ground and excited states is shown.
From Eq. (S28), the probability pe of measuring the qubit in the excited state after averaging the signal for
N shots goes from pe = 0 at ∆Vg ≡ 0 (blue circle) to pe = 1 at ∆Ve ≈ 74 mV (blue square) along the black
dashed line. Due to initialization, control, and readout errors, the probability of measuring the qubit in the
excited state when preparing the ground state (excited state) is given by p|g〉e > 0 (p
|e〉
e < 1). The number of
shots is N = 105. (C and D) Corrected demodulated signal ∆V for a sample of 102 shots when preparing
the ground (C) and excited states (D) of the qubit. The dashed (dotted) line indicates ∆V = 0 (∆V = ∆Ve).
The dot-dashed line indicates a threshold at ∆V = ∆Ve/2. The solid lines indicate the qubit state as
determined from the threshold.
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measuring the qubit in the excited state is given by
pe =
1
N
∑N
n=1 Re [R(θ) (Vn − Vg)]
Re [R(θ) (Ve − Vg)] , (S28)
where Vn is the demodulated signal for shot n.
Because the dark-count probability pi(0) and the quantum efficiency η are probabilities, only
averaged measurements calibrated in terms of the probabilities pg and pe are necessary to char-
acterize the single-magnon detector. Therefore, the calibration method described here is used to
convert the raw demodulated signals Vn of N shots into the probabilities pg = 1 − pe and pe ac-
cording to Eq. (S28). It is however important to note that resolving the readout signals Vg and Ve in
a single shot is necessary for this procedure. Furthermore, as previously discussed, a high-fidelity
single-shot readout of the qubit is necessary to achieve the demonstrated high-fidelity detection of
a single magnon.
The amplitude Ar and the frequency ωr of the readout pulse are optimized by maximizing the
visibility V ≡ p|e〉e − p|g〉e . The values of p|g〉e and p|e〉e obtained after such an optimization are given
in Table S3 for a preparation of the excited state performed with a pi-pulse duration of τpi = 12 ns.
As discussed in Sec. II D, bounding the control error with numerical simulations that include
initialization errors, the readout fidelity Fr is found to be between 0.873 and 0.957, similar to
previous experiments in circuit quantum electrodynamicsS15.
Figures S5C and D show the corrected demodulated signal ∆V for a sample of 102 shots when
preparing the ground state (Fig. S5C) and excited state (Fig. S5D) of the qubit. To assign a state
for a given shot, a threshold is used. Such a threshold is necessary to determine if a magnon is
detected, i.e. to determine if the detector clicks. As the distance |∆V | = |Ve − Vg| ∼ 74 mV
between the demodulated signals Vg,e is much larger than their standard deviation σVg,e ≈ 1.8 mV,
a simple mid-range threshold is close to optimal.
C. Qubit characterization
The measurements of the qubit relaxation time T1 and coherence time T ∗2 are shown in Fig. S6.
The qubit relaxation time T1 = 0.80 µs (Fig. S6A) is mainly limited by Purcell decay from the
lossy cavity modes. Indeed, considering only the first three cavity modes (Table S1), the qubit
relaxation time is expected to be limited to max [T1] ≈ 0.83 µs, in good agreement with the
observed value.
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Figure S6. Qubit relaxation and coherence times. (A and B) Probability pe of measuring the qubit in
the excited state. In A, a pi pulse Xˆpi is used to excite the qubit. The qubit relaxation time T1 = 0.80 µs is
obtained from the time constant of the exponential decay of pe as a function of the free evolution time τ .
In B, two pi/2 pulses Xˆpi/2, separated by the free evolution time τ and detuned by ∆s/2pi = −4 MHz
from the qubit frequency, are used to obtain the qubit coherence time T ∗2 = 0.95 µs through Ramsey
interferometry. The probabilities p|g〉e and p
|e〉
e are indicated with the horizontal dashed lines. The number
of shots is N = 104 in A and N = 5× 105 in B.
As shown in Fig. S6B, the qubit coherence time T ∗2 = 0.95 µs is determined from Ramsey
interferometry. The qubit relaxation time sets an upper limit on its coherence time to max [T ∗2 ] =
2T1 ≈ 1.6 µs. The observed coherence time is most probably reduced from this T1 limit through
pure dephasing from thermal populations of the cavity modes.
The qubit thermal population nthq , directly related to the initialization error εini, is determined
by measuring the spectrum of the TE102 cavity mode in the absence of any excitation on the
qubit. As the interaction between the qubit and this cavity mode is in the strong dispersive regime
with χq−c/2pi ≈ −8.0 MHz and κc/2pi ≈ 2.1 MHz, the dressed cavity frequencies ωgc and ωec ,
corresponding to the cavity frequencies with the qubit in the ground and excited state respectively,
are resolved. The relative weight of the component of the spectrum corresponding to the qubit in
the excited state gives a direct measurement of εini = 0.04.
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D. Qubit-assisted spectroscopy of the Kittel mode
The dressed frequency of the Kittel mode with the qubit in the ground state, ωgm, is deter-
mined by performing spectroscopy of the Kittel mode using the pulse sequence schematically
shown in Fig. S7A. A coherent state of magnons is first prepared in the Kittel mode with a dis-
placement operation Dˆ(β), followed by the conditional qubit excitation Xˆ0pi and the qubit read-
out. This is therefore the same protocol than the one used for the detection of at least a single
magnon (Fig. 2A). By changing the amplitude and the frequency of the magnon excitation, the
magnon population nm at the conditional excitation is changed, therefore changing the probabil-
ity pe of measuring the qubit in the excited state. Indeed, considering a perfect entangling con-
ditional qubit excitation Xˆ0pi and perfect qubit readout, the probability pe is related to the magnon
population simply with pe = e−nm .
Experimentally, the magnon population nm is proportional to the squared displacement ampli-
tude Ad of the magnon excitation pulse with
nm = (λAd)
2 , (S29)
where λ is the proportionality constant. Figure S7B shows the corrected signal δV measured
as a function of the displacement amplitude Ad for two different displacement frequencies ωd.
While ∆V , introduced in Sec. IV B, is calibrated considering the demodulated signals Vg,e corre-
sponding to both qubit states, δV is corrected to remove the dependence of the signal on the drive
amplitude Ad in the absence of the qubit excitation pulse. This effect is most probably due to a
cross-Kerr interaction between the cavity and Kittel modesS2,S16. More specifically,
δV = Re [R(θ) (V − V0)] , (S30)
where V0 = V0(Ad) is the signal measured in the absence of the conditional excitation Xˆ0pi. The
coefficient λ is determined by fitting the data of Fig. S7B to
δV = δVee
−(λAd)2 , (S31)
where the amplitude of the signal δVe and the coefficient λ are fitting parameters.
Figure S7C shows the squared coefficient λ2 measured as a function of the displacement fre-
quency ωd for two different coil currents I . Because λ2 ∝ nm, this measurement corresponds to
the spectrum of the Kittel mode convoluted with the pulse of duration τd = 200 ns for the dis-
placement operation. The frequency of the Kittel mode with the qubit in the ground state, ωgm,
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Figure S7. Qubit-assisted spectroscopy of the Kittel mode. (A) Pulse sequence used for the spectroscopy
of the Kittel mode by sweeping the amplitudeAd and the frequency ωd of the displacement operation Dˆ(β).
(B) Corrected signal δV as a function of the displacement amplitude Ad for a coil current I = −7.92 mA
and displacement frequencies ωd/2pi = 7.7886 GHz (blue triangles, close to resonance with the Kittel
mode at ωgm/2pi = 7.78861 GHz) and ωd/2pi = 7.7870 GHz (dark blue pentagons, detuned from the Kittel
mode by approximately half a linewidth). The black lines show fits of Eq. (S31) to the data. (C) Squared
coefficient λ2 as a function of the displacement frequency ωd for I = −7.92 mA (blue circles) and I =
−8.10 mA (red squares). The black lines show fits of a Gaussian function with a vertical offset (horizontal
solid line) to the data. Vertical dashed lines indicate the frequency of the Kittel mode determined from
the fits for both coil currents. The data in the shaded area is not considered in the fitting due to the close
proximity with the |e〉 ↔ |f〉 transition of the qubit. The arrows indicate the displacement frequencies
shown in B. The number of shots is N = 104.
is determined from a fit of a Gaussian function to the data. For the coil current I = −7.92 mA
used to reach the strong dispersive regime (Sec. IV E), the dressed frequency is determined to
be ωgm/2pi = 7.78861 GHz. In comparison, for I = −8.10 mA, the dressed frequency is de-
termined to be ωgm/2pi = 7.78066 GHz, indicating a tuning rate of ξ/2pi = 44.2 MHz/mA, in
relatively good agreement with the value previously determined (Sec. III A).
For all measurements presented in the main text and the supplementary materials (except
Figs. 1B and S4), the coil current is fixed to I = −7.92 mA. The frequencies of the qubit
and the Kittel mode are therefore detuned by ∆q−m/2pi = 132 MHz, a quantity much larger
than the effective coupling strength gq−m/2pi = 7.13 MHz. Finally, the magnon excitation fre-
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quency ωd/2pi = 7.78862 GHz is unintentionally detuned by ∆d/2pi = −0.01 MHz from the
Kittel mode. This detuning is however much smaller than the linewidth of the Kittel mode (Ta-
ble S3).
E. Characterization of the strong dispersive regime
As discussed in the main text, the dispersive interaction between the Kittel mode and the qubit
is probed by Ramsey interferometry in the presence of a continuous excitation resonant with the
Kittel mode, resulting in a steady-state population of nm magnonsS2 (Figs. S8A and B). Using a
detuning ∆s = ω0q − ωs between the qubit frequency ω0q and the frequency ωs of the pi/2 pulses
that is much larger than the qubit linewidth leads to oscillations in the probability pe as a function
of the free evolution time τ (Figs. S8C and D). The normalized qubit spectrum S(ω) is obtained
from the Fourier transform of pe(τ) according to
S(ω) =
Re [F {pe(τ)} (ω)]
max [Re [F {pe(τ)} (ω)]] . (S32)
Figures S8E and F show the normalized spectra obtained in the absence and presence of a magnon
excitation, respectively. The single magnon Fock state |1〉 is clearly visible in the qubit spec-
trumS1,S2.
In the absence of a magnon population in the Kittel mode, the qubit spectrum has a Lorentzian
lineshape with a full width at half maximum linewidth γq related to the qubit coherence time T ∗2
with γq = 2/T ∗2 . Indeed, fitting the Ramsey oscillations of Fig. S8C to exponentially-decaying si-
nusoidal oscillations leads to T ∗2 = 0.952±0.014 µs (Sec. IV C). Alternatively, fitting a Lorentzian
function to the spectrum of Fig. S8E yields γq/2pi = 0.328± 0.006 MHz, corresponding to T ∗2 =
0.970 ± 0.019 µs. The time-domain (Fig. S8C) and frequency-domain (Fig. S8E) measurements
of the qubit coherence time are therefore in good agreement, as expected. In the numerical simu-
lations, the value obtained from the fit in the frequency domain is used (Table S3).
The qubit spectrum in the presence of a magnon population is fitted to the model developed in
Ref. S17. Explicitly,
s(ω) =
∞∑
nm=0
1
pi
1
nm!
Re
[
(−A)nm eA
γnmq /2− i (ω −∆nms )
]
, (S33)
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Figure S8. Characterization of the qubit-magnon dispersive interaction. (A and B) Pulse sequence
for Ramsey interferometry in the absence (A) and presence (B) of a continuous excitation of nm magnons.
(C and D) Probability pe(τ) as a function of the free evolution time τ measured in the absence (C) and
presence (D) of a magnon excitation for ∆s/2pi = −4 MHz. The data in C (D) is the same as in Fig. S6B
(Fig. 1D). In C, a fit of the data to exponentially-decaying sinusoidal oscillations is shown with a black
line. (E and F) Normalized qubit spectrum S(ω) as a function of the amplitude of the detuning between the
frequency ω and the qubit control frequency ωs. The fit of the data to Eq. (S42) is shown with a black line.
The component of the spectrum corresponding to the magnon vacuum state |0〉 (Fock state |1〉) is shown
with a blue (red) shaded area. The data in F is the same as in Fig. 1E. The number of shots is N = 5×105.
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where
ωnmq = ω
0
q + nm (2χq−m + ∆d) + δωq, (S34)
∆nms = ω
nm
q − ωs, (S35)
δωq = χq−m (ngm + n
e
m −D) , (S36)
γnmq = γq + γm (nm +D) , (S37)
A = D
(
γm/2− i (2χq−m + ∆d)
γm/2 + i (2χq−m + ∆d)
)
, (S38)
D =
2 (ngm + n
e
m)χ
2
q−m
(γm/2)
2 + χ2q−m + (χq−m + ∆d)
2 , (S39)
ngm =
Ω2d
(γm/2)
2 + ∆2d
, (S40)
nem =
Ω2d
(γm/2)
2 + (∆d + 2χq−m)
2 , (S41)
and ωnmq and γ
nm
q are respectively the frequency and linewidth of the qubit with the Kittel mode
in the Fock state |nm〉. The term of Eq. (S34) proportional to nm corresponds to the discrete ac
Stark shift enabling one to resolve the different Fock statesS17,S18. In contrast, δωq corresponds to
the continuous ac Stark shift that vanishes deep into the strong dispersive regime with 2 |χq−m| 
γm, γq. The magnon populations with the qubit in the ground and excited states are respectively
given by ngm and n
e
m. For simplicity, the expressions nm ≡ ngm and ∆0s ≡ ∆s are used in the main
text and the supplementary materials. It is worth noting that this model is the same as the one used
in Refs. S1 and S2.
The qubit spectrum s(ω) is fitted to the experimentally-obtained normalized spectrum S(ω)
with
S(ω) = As(ω) + B, (S42)
where A and B are respectively a normalization constant and an offset. The qubit linewidth γq is
fixed to the value determined from the fit of the spectrum in the absence of the magnon excitation.
Furthermore, the drive detuning ∆d of the magnon excitation is fixed to the value determined from
the spectroscopy of the Kittel mode (Sec. IV D). The fitting parameters are therefore the qubit
excitation detuning ∆s, the linewidth of the Kittel mode γm, the dispersive shift χq−m, the magnon
population nm, as well as the normalization constant A and offset B. Figure S8F shows the result
of the fit of Eq. (S42) to the spectrum measured in the presence of a continuous magnon excitation.
The linewidth of the Kittel mode is determined to be γm/2pi = 1.61± 0.06 MHz.
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The dispersive shift χq−m/2pi = −1.91 ± 0.04 MHz obtained from the fit demonstrates that
the interaction between the Kittel mode and the qubit reaches the strong dispersive regime despite
the large detuning between both systems (Sec. IV D). Indeed, the shift per excitation 2 |χq−m|
is larger than the linewidths of the qubit and the Kittel mode (Table S3). This is achieved by
using the transition between the first and second excited states of the transmon qubit to enhance
the dispersive shiftS1,S5,S19. The negative sign of the dispersive shift is recovered from the fact
that ∆s/2pi ≈ −4 MHz, meaning that the qubit control frequency ωs is higher than the qubit
frequency with the Kittel mode in the vacuum state, ω0q. Therefore, the observation of the qubit
frequency with a single magnon ω1q further away from ωs in Fig. S8F indicates that χq−m <
0. The dispersive shift is theoretically estimated to be χq−m/2pi = −1.49 MHz by numerically
diagonalizing the Hamiltonian of Eq. (S6), in relatively good agreement with the observed valueS1.
The underestimation of the dispersive coupling strength χq−m in the numerical simulations is
possibly due to the truncation to the first four cavity modes in the numerical simulations, similar
to the underestimation of the resonant coupling strength gq−m (Sec. III B).
From the fit, the Kittel mode is populated with nm = 0.53 magnons for the amplitude Ad =
25 mV used for the continuous magnon excitation. With the demonstration of the possibility to
resolve the single magnon Fock state, the thermal magnon population nthm of the Kittel mode is
found to be negligible in the spectrum of Fig. S8E, as expected from thermal equilibrium at T ≈
46− 48 mK for ωgm/2pi ≈ 7.789 GHzS1. The magnon thermal population is therefore fixed to zero
in the numerical simulations (Table S3).
F. Calibration of the magnon population
The characterization of the quantum efficiency of the single-magnon detector relies on the cal-
ibration of the magnon population. Indeed, an underestimation in the magnon population, for
example, leads directly to an overestimation of the quantum efficiency. The qubit-assisted spec-
troscopy presented in Sec. IV D gives a first estimate of the coefficient λ relating the amplitude of
the magnon excitation pulse and the magnon population. However, as determined from numeri-
cal simulations, this value is biased from the finite fidelity of the conditional excitation Xˆ0pi. An
unbiased spectroscopic measurement is therefore used to determine λ (Fig. S9A).
Figure S9B shows the probability pe of measuring the qubit in the excited state as a function
of the qubit control frequency ωs. In the absence of a magnon excitation pulse, the resulting spec-
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trum corresponds to the qubit spectrum convoluted with the qubit excitation pulse described by
Eq. (S16). As described in Sec. IV E, in the presence of a magnon excitation pulse, the presence of
magnons shifts and broadens the spectrum of the qubit through the dispersive interaction between
the Kittel mode and the qubitS17. Here, the magnon population is probed only during the qubit
excitation pulse. Because the timing of the pulse sequence schematically shown in Fig. S9A is
the same as in the protocols used for the detection of single magnons (Fig. 2A), the proportional-
ity constant obtained from this procedure gives an adequate calibration to determine the quantum
efficiency of the detector.
The model of the qubit spectrum presented in Sec. IV E is used to fit to the spectra shown in
Fig. S9B considering the convolution with the Gaussian-shape qubit pulse. More specifically, the
spectrum pe(ωs) is fitted to
pe(ωs) = V s˜ (ωs) + p|g〉e , (S43)
where the convoluted spectrum s˜ (ωs) is given by
s˜ (ωs) = s (ω) ∗ spi (ω, ωs) , (S44)
and ∗ denotes the convolution. The qubit spectrum s (ω) is given by Eq. (S33) with the substitu-
tion ∆nms → ωnmq as the spectrum is measured in the lab frame, as opposed to the frame rotating
with the qubit control frequency ωs in Eq. (S33). The spectrum spi (ω, ωs) of the Gaussian-shaped
qubit pulse of duration τ˜pi is given by
spi (ω, ωs) = e
−τ˜2pi(ω−ωs)2/4pi. (S45)
In Eq. (S43), both V and p|g〉e are used as fitting parameters. In the qubit spectrum s(ω), only the
magnon population nm = ngm is used as a fitting parameter, while the other parameters are fixed to
their value determined previously (Sec. IV E). Finally, the duration τ˜pi of the qubit pulse is used as
a fitting parameter.
Figure S9C shows the magnon population nm determined from this procedure for different
amplitudesAd of the magnon excitation pulse. As expected, the magnon population scales linearly
with the squared amplitude with a coefficient λ [Eq. (S29)]. To verify the validity of this procedure,
Fig. S9D compares the magnon population obtained from the fit to Eq. (S43) of numerically-
obtained qubit spectra pe (ωs) and the population obtained from the weighted average given by
Eq. (S20). The good agreement between these two procedures further validates the method used
for the determination of the value of λ.
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Figure S9E shows the coefficient λ for the different detection times τpi investigated experimen-
tally (Fig. 3). The exponential decay is described by
λ(τpi) = λ(0)e
−τpi/(4Tm1 ), (S46)
where Tm1 is the magnon lifetime. In Eq. (S46), one factor of 2 comes from λ ∝
√
nm. The other
factor of 2 comes from the timing between the magnon and qubit excitation pulses (Sec. II C),
where only the front end of the qubit pulse increases the delay between both pulses. The magnon
lifetime is determined to be Tm1 = 82 ± 2 ns, corresponding to a magnon linewidth of γm/2pi =
1.93± 0.07 MHz in the absence of pure dephasing.
To conclude, the coefficients λ(τpi) used to determine the quantum efficiency η are obtained
from Eq. (S46) with the fitted parameters λ(0) = 9.3± 0.2 √magnons/V and T1,m = 82± 2 ns.
A case resampling bootstrapping method is used to obtain error bars on the values of λ, and hence
on the magnon population nm.
G. Alternative and generalized detection schemes
The original (alternative) detection scheme discussed in the main text aims to detect the pres-
ence of at least (exactly) a single magnon in the Kittel mode. For the alternative detection scheme,
the qubit excitation Xˆ1pi is resonant with the qubit frequency ω
1
q when the Kittel mode is in the Fock
state |1〉. When the Kittel mode is in the vacuum state, the qubit excitation is therefore off-resonant
and the qubit stays in the ground state after the conditional excitation Xˆ1pi. In this detection scheme,
the definition of a detector click is therefore changed from the qubit occupying the ground state |g〉
to the qubit occupying the excited state |e〉, such that the dark-count probability pe(0) = 1− pg(0)
is smaller than 1/2. Accordingly, the quantum efficiency for the alternative detection scheme be-
comes ηe ≈ −ηg for pnm=1 ≈ pnm≥1, where the indexes g and e respectively identify the original
detection scheme (nm ≥ 1) and the alternative detection scheme (nm = 1).
A generalized detection scheme can be devised by changing the control frequency ωs for the
qubit excitation. Indeed, the metrics of the single-magnon detector can be obtained for any control
frequency for the qubit excitation, and not only for ωs = ω0q (original detection scheme) and ωs =
ω1q (alternative detection scheme). The definitions of the dark-count probability pi(0) and quantum
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efficiency ηi are therefore generalized with
i =
g if pg(0) = 1− pe(0) ≤ 1/2,e if pe(0) = 1− pg(0) < 1/2. (S47)
For simplicity, the quantum efficiency of both detection schemes is labeled η in the main text.
Figures S10 A and B show the dark-count probability pi(0) and the quantum efficiency ηi, re-
spectively, obtained experimentally for the generalized detection scheme. Even without any fitting
parameters, the results of numerical simulations for both metrics agree well with the experimental
results across a large range of control frequencies.
H. Correction of the quantum efficiency
The experiment of the single-magnon detection is performed both in the presence and absence
of the qubit conditional excitation. While the numerical simulations clearly indicate the absence of
any magnon detection in the absence of the conditional excitation, a finite spurious efficiency ηi0 is
obtained experimentally (Figs. S11A and C). A correction is therefore needed to faithfully compare
the numerically-obtained quantum efficiency ηi and the experimentally-obtained raw efficiency η′i.
Considering that the spurious efficiency ηi0 comes from an unaccounted interaction between
the Kittel mode and the qubit, the detection probability pi(nm) is corrected with
pi(nm) = p
′
i(nm) + (2pe − 1) (pi0(nm)− pi0(0)) , (S48)
where the qubit polarization 2pe− 1 determines the sign and amplitude of the correction consider-
ing the detection probabilities p′i(nm) and pi0(nm) obtained with and without the qubit conditional
excitation, respectively.
For the original detection scheme, the qubit is excited with the conditional excitation and the
detection probability pg(nm) is corrected with Eq. (S48) by considering the qubit polarization 2pe−
1 > 0 at the control frequency ωs = ω0q obtained from the fit of the qubit spectrum in the absence
of a magnon excitation to Eq. (S43) (Fig. S9B). As shown in Fig. S11A, the spurious quantum
efficiency ηg0, obtained from fitting pg0(nm) to Eq. (S21), is negative, such that the corrected
quantum efficiency ηg is smaller than the raw quantum efficiency η′g obtained from fitting p
′
g(nm).
For the generalized detection scheme, the quantum efficiency ηi is corrected considering the
qubit polarization 2pe − 1 obtained from the fit of the qubit spectrum in the absence of a magnon
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excitation for the corresponding control frequency ωs (Fig. S11B). As shown in Fig. S11C, the
corrected quantum efficiency is smaller than the raw efficiency for all control frequencies.
A first observation regarding the origin of the spurious quantum efficiency ηg0 is that its am-
plitude increases with the detection time (Fig. S11A). Because the delay between the magnon
excitation and qubit readout pulses increases when increasing the detection time (Fig. S2A), a di-
rect detection of magnons with the qubit readout can be excluded. Indeed, in that case, magnon
decay would lead to a decrease of the amplitude of the spurious quantum efficiency. Another
observation is that the spurious efficiency is absent in the numerical simulations. Therefore, phe-
nomena included in the numerical simulations, such as the qubit thermal population for example,
are excluded as a possible source of the spurious quantum efficiency.
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Figure S9. Calibration of the magnon population. (A) Pulse sequence used for the calibration of the
magnon population by sweeping the frequency ωs of the conditional excitation Xˆ0pi and the amplitude Ad of
the displacement operation Dˆ(β). (B) Probability pe of measuring the qubit in the excited state as a function
of the qubit control frequency ωs without (Ad = 0, blue) and with (Ad > 0, red) a magnon excitation for
a detection time τpi = 200 ns. The solid lines show the fits of Eq. (S43) to the data. The number of shots
is N = 105. (C) Magnon population nm, determined from the fit of the experimentally-obtained qubit
spectra pe(ωs) for τpi = 200 ns, as a function of the squared displacement amplitude A2d. The solid line
shows the fit of Eq. (S29) to the data, from which λ (τpi = 200 ns) = 5.0±0.2√magnons/V is determined.
The blue and red data points refer to the corresponding spectra in B. (D) Magnon population nm, determined
from the fit of the numerically-obtained qubit spectra pe(ωs) for τpi = 200 ns, as a function of the magnon
population determined from the weighted average described by Eq. (S20). The dashed line has unit slope.
Error bars are smaller than the symbols. (E) Coefficient λ as a function of the detection time τpi. The solid
line shows the fit of Eq. (S46) to the data, indicating a magnon relaxation time Tm1 = 82± 2 ns.
35
B
A
7.910 7.915 7.920 7.925 7.930
0.0
0.5
1.0
-0.5
-1.0
7.910 7.915 7.920 7.925 7.930
0.0
0.5
1.0
Qu
an
tu
m
 e
ffic
ien
cy
pr
ob
ab
ilit
y
0.0
0.5
1.0
-0.5
-1.0
Quantum
 effi
ciency
Control frequency (GHz)
Data
Theory
Data
Theory
Da
rk
-c
ou
nt
Figure S10. Metrics for the generalized detection scheme. (A and B) Dark-count probability pi(0) (A)
and quantum efficiency ηi (B) as a function of the control frequency for a detection corresponding to the
qubit occupying the ground state (i = g, blue shaded area) or the excited state (i = e, green shaded area).
Results from numerical simulations are shown as solid lines. The vertical dashed (dotted) line shows the
qubit frequency ω0q/2pi (ω
1
q/2pi) with the Kittel mode in the vacuum state |0〉 (Fock state |1〉), close to the op-
timal detection frequency for the detection of at least a single magnon (of exactly a single magnon) through
the entangling conditional excitation Xˆ0pi (Xˆ
1
pi). The pulse amplitude of the qubit excitation is fixed from a
calibration at ωs = ω0q. In (A), the black arrow indicates the reduction of the dark-count probability with
the alternative detection scheme. The dotted (dot-dashed) curve shows numerically simulated pg(0) (pe(0)).
The number of shots is N = 105.
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Figure S11. Correction of the quantum efficiency. (A) Quantum efficiency as a function of the detection
time τpi. The raw quantum efficiency (η′g, black triangles) and spurious efficiency (ηg0, grey squares) are
obtained by fitting the detection probability in the presence [p′g(nm)] and absence [pg0(nm)] of the qubit
conditional excitation, respectively. The corrected quantum efficiency (ηg = η, red circles, same data as
in Fig. 3B) is obtained by first correcting the detection probability with Eq. (S48). The number of shots is
N = 107. (B) Qubit polarization 2pe − 1 as a function of the qubit control frequency ωs that determines
the sign and amplitude of the correction of the detection probability pg(nm) according to Eq. (S48). (C)
Quantum efficiency as a function of the control frequency ωs/2pi. The raw quantum efficiency (η′i, black
triangles) and spurious efficiency (ηi0, grey squares) are used to obtain the corrected quantum efficiency (ηi,
red circles, same data as in Fig. S10B). The number of shots is N = 105.
